We propose a novel photonic approach for generating a background-free millimeter-wave (MMW) ultra-wideband (UWB) signal based on a conventional dual-drive Mach-Zehnder modulator (DMZM). One arm of the DMZM is driven by a local oscillator (LO) signal. The LO power is optimized to realize optical carrier suppressed modulation. The other arm is fed by a rectangular signal. The MMW UWB pulses are generated by truncating the continuous wave LO signal into a pulsed one in a photodetector (PD). The generated MMW UWB signal is background-free by eliminating the baseband frequency components because the optical power launched to the PD keeps constant all the time. The proposed method is theoretically analyzed and experimentally verified. The generated MMW UWB signal centered at a frequency of 26 GHz meets the Federal Communications Commission spectral mask very well.
Photonic generation of an ultra-wideband (UWB) signal has attracted great attention during the past few years for its widespread applications, including sensor network and wireless communications, and for the inherent advantages brought by the fiber optics, i.e., high bandwidth, low power consumption, and low loss transmission [1] [2] [3] . The UWB signal has been defined by the Federal Communications Commission (FCC) as a radio signal that has a bandwidth larger than 500 MHz, or larger than 20% fractional bandwidth, and power density lower than −41.3 dBm∕MHz. So far, various methods have been reported to generate UWB signals in the centimeter wave (CMW) band (3.1-10.6 GHz) for indoor communications and in the MMW band (22-29 GHz) for outdoor communications [4] [5] [6] [7] [8] [9] [10] . For MMW UWB signal generation, direct frequency upconversion has been proposed based on four-wave mixing [8] , fiber optical parametric amplifier [9] , and a single-dive MZM [10, 11] . There are two major limitations in these schemes [8] [9] [10] [11] . One is the strong residual local oscillator (LO) signal of the upconverted signal due to the beating between the two distinguish optical carriers. This residual LO signal will reduce the dynamic range of the UWB receiver and interfere with other wireless signals. To meet the FCC spectral mask, power attenuation has to be implemented, which sacrifices the spectral efficiency. The other limitation is the recovered baseband frequency components (i.e., the so-called "background signals"), which would also interfere with other narrowband standards.
Many approaches have been proposed for generating background-free and FCC-compliant MMW UWB signals by suppressing the baseband frequency components and the strong residual LO signal [12] [13] [14] [15] [16] . In [13] , a polarization modulator (PolM) was used to switch the polarization state of an optical carrier between an intensity-modulated state and an unmodulated state. Similar methods have also been proposed using cascaded PolMs [14, 15] . However, it is noticed that these approaches [13] [14] [15] are involved in the use of multiple modulators, which makes the system complicated and costly. Recently, Zhang and Pan reported a MMW UWB generation scheme utilizing a single integrated dual-parallel MZM (DPMZM) and an optical bandpass filter [16] . The optical filter was used to remove one of the first-order sidebands. The UWB signal is then generated by the on-off keying (OOK) modulation of the optical carrier. The drawback of this approach is that there are three biases to be controlled in the DPMZM. Moreover, the optical signal launched to the PD is intensity modulated due to the OOK modulation of the optical carrier, which results in limited baseband suppression.
In this Letter, we report a new method for generating background-free and FCC compliant MMW UWB pulses based on a single DMZM. The proposed method is optical wavelength independent and flexible since there is no optical filter involved in our approach. An LO signal and a rectangular signal are applied to the two arms of the DMZM, respectively. The LO power is optimized to perform optical carrier suppressed modulation. The MMW UWB signal is generated by truncating the continuous wave (CW) LO signal into a pulsed one in a photodetector (PD). The generated MMW UWB signal is background-free since the optical signal launched to the PD always keeps constant. Moreover, the MMW UWB signal is fully FCC compliant thanks to the excellent suppression of the residual LO signal. The proposed method is theoretically analyzed and experimentally verified.
The schematic configuration of the proposed DMZMbased MMW UWB signal generator is shown in Fig. 1(a) , which consists of a laser diode (LD), a DMZM, a microwave source (MS), a pulse pattern generator (PPG), and a PD. Each arm of the DMZM is a phase modulator. An LO and a rectangular signal are applied to the two arms of the DMZM, respectively. The normalized electrical field at the output of the DMZM can be expressed as
where ω 0 is the angular frequency of the optical carrier. β 1 and β 2 are the phase modulation indices of the phase modulators on each arm of the DMZM, respectively, which is given by β 1 πV LO ∕V π and β 2 πV r ∕V π · V π is the halfwave voltage of the phase modulator. V LO and ω LO are the amplitude and the angular frequency of the LO signal, respectively. V r is the peak-to-peak amplitude of the rectangular signal and rt 0 or 1. φ is the static phase difference between the two arms induced by the bias of the DMZM. If the output signal from the DMZM is launched to the PD, the photocurrent can be expressed as
Applying Jacobi-Anger expansion to Eq. (2), we have
where J n · is the Bessel function of the first kind of order n. For MMW UWB generation, the frequency of the LO signal is around 26 GHz. In this context, the bandwidth of the PD should be larger than 26 GHz. If we choose a PD with a bandwidth less than the second harmonic of the LO signal
As can be seen from Eq. (4), the detected photocurrent consists of dc and ac parts. The dc current varies with the rectangular signal, which means that the baseband frequency components are also recovered in the PD. In order to generate a background-free MMW UWB signal, the dc current should be kept constant all the time. Therefore J 0 β 1 0 and J 1 β 1 ≠ 0 has to be satisfied. For β 2.4, we have J 0 β 1 0 and J 1 β 1 0.5. If we let φ 0, Eq. (4) is rewritten as it ∝ 2 2 sinβ 2 rt sinω LO t:
For the ac part, a sinusoidal LO signal at the frequency of ω LO is generated, whose envelope is shaped by a sine term. The CW LO signal is therefore truncated into pulses when rt is a rectangular signal. Physically, the principle of the proposed method can be explained as follows: the optical carrier suppressed modulation is performed at arm1 of the DMZM as shown in Fig. 1(b) . The optical carrier at the output of the DMZM is provided by arm2. The phase of the optical carrier can thus be modulated by applying an electrical signal to arm2. If the phase difference between the two arms θ 0 (this phase difference is induced by the rectangular signal applied to arm2), the LO signal cannot be recovered in the PD since the beat signal between the upper sideband and the optical carrier cancels that between the optical carrier and the lower sideband out perfectly. The strong LO signal is expected to be well suppressed since the LO signal is turned off when θ 0. For θ ≠ 0, the microwave signal can be recovered in the PD. In this way, the MMW UWB signal is generated by truncating the CW LO signal into the pulsed one, as shown in Fig. 1(b) . It is worth noting that the proposed scheme is background-free because only the phase of the optical carrier is modulated at arm2 rather than its amplitude. In [16] , the amplitude of the optical carrier is OOK modulated, which results in the background signal. An experiment was carried out to verify the proposed scheme. The LD emitting at a wavelength of 1550.09 nm was fiber-coupled to the DMZM. Arm2 of the DMZM was driven by a rectangular non-return-to-zero (NRZ) signal from the PPG, which was set as a 32-bit fixed pattern "1110 0000 … 0000" (three "1" every 32 bits) and operated at a speed of 13 Gbps. It is equivalent to a pulse train, which has a repetition rate of ∼400 MHz and a duty cycle of 3∕32. A sinusoidal LO signal at a frequency of 26 GHz from the MS was fed to arm1 of the DMZM. The LO power was optimized to realize carrier-suppressed modulation at arm1. As the carrier suppression at arm1 cannot be observed directly, the LO power was finely adjusted until the optical power at the output of the DMZM was not varied when the bias of the DMZM was tuned over a voltage range from 0 to V π. The V π of the DMZM is ∼2.3 V. Thus the power of the LO signal is tuned to be ∼18 dBm to meet the requirement of β 2.4. The measured optical spectrum at the output of the DMZM and the simulated optical spectrum at arm1 of the DMZM are shown in Fig. 2 . The simulated result is calculated using Eq. (1) and β 2.4 with MATLAB. As can be seen, a series of sidebands are generated besides the optical carrier. The optical carrier provided by arm2 of the DMZM is wider than the other sidebands since it is modulated by the rectangular signal. The measured result agrees very well with the simulated one except for the optical carrier since the suppressed optical carrier at arm1 cannot be directly observed. The excellent fit between the measured and simulated results means that the carriersuppressed modulation at arm1 was successfully achieved. The optical signal from the DMZM was detected by the PD with a bandwidth of 40 GHz. The MMW UWB pulse was captured using a sampling oscilloscope (OSC) as shown in Fig. 3 . As can be seen, the CW LO signal was truncated into UWB pulse. The baseband frequency components of the generated MMW UWB signal could be eliminated since there is no pedestal in the time-domain pulse, and the average electrical power is kept constant. Figure 4 shows the electrical spectrum of the generated MMW UWB signal measured by an electrical spectrum analyzer (ESA). The UWB pulses centered at the frequency of 26 GHz has a frequency interval of ∼400 MHz between the adjacent frequency components as expected and a signal-to-noise ratio (SNR) of 23 dB. As can be seen, the baseband frequency components and the residual LO signal are well suppressed. The generated MMW UWB signal has a 10 dB bandwidth of 5.88 GHz and meets the FCC spectral mask very well. To generate an MMW UWB pulse, which fully fills the FCC mask, the desired waveform can be calculated by reverse Fourier transform of the desired electrical spectrum and generated by an arbitrary waveform generator (AWG).
In conclusion, we have theoretically and experimentally demonstrated a novel scheme for generating background-free MMW UWB pulses based on a single DMZM. An LO and a rectangular signal are applied to the two arms of the DMZM, respectively. The LO power is optimized to achieve optical carrier suppressed modulation at one arm. In this way, the CW LO signal is truncated into the pulsed one. The experimental result shows that the generated MMW UWB signal centered at the frequency of 26 GHz is background-free. Moreover, the residual LO signal is well suppressed, and the MMW UWB pulse is FCC compliant. 
